INTRODUCTION {#SEC1}
============

The 8-oxo-7,8-dihydro-2′-deoxyguanosine (8-oxodG), an oxidatively modified form of the 2′-deoxyguanosine, is the most common marker of oxidative stress ([@B1]). Accumulation of 8-oxodG correlates with major human health issues such as cancer, aging, cardiovascular and neurodegenerative diseases ([@B1]). The 8-oxodG is a premutagenic lesion which mispairs with 2′-deoxyadenosine (dA) ([@B3],[@B4]). In particular, when the 8-oxodG-dA mismatch is left un-repaired, G:C to A:T transversion mutations may arise during DNA replication ([@B3],[@B4]).

The 8-oxodG is preferentially repaired by the OGG1 glycosylase/AP (apurinic/apyrimidinic) lyase-initiated BER (Base Excision Repair) pathway ([@B4],[@B5]). OGG1, specifically recognizes and removes the 8-oxodGs from the sugar backbone by cleavage of the N-glycosidic bond and creates an abasic site. This site is subsequently incised by either the OGG1 intrinsic AP lyase activity, that creates 3′ α, β unsaturated aldehyde and 5′-phosphate termini, or by the AP endonuclease 1, APE1, resulting in a single strand DNA (ssDNA) break. Then, the repair process carries on with two alternative ways: (i) the short patch BER with the insertion of a new base by DNA Polymerase beta; (ii) or the long patch BER, which creates a 5′ overhanging 'flaps' that is removed by FEN1 (flap structure-specific endonuclease 1). The repair process is finally completed with the ligation of the nicked strand by the DNA ligase I (short patch) or DNA ligase III (long patch) ([@B4],[@B5]).

Recent studies demonstrate that the accumulation of 8-oxodG in the G-rich promoters of different genes can stimulate transcription via the BER pathway, inducing a transition in the DNA structure that in turn leads to a G-quadruplex conformation ([@B6],[@B7]). Other reports show that the 2′-deoxyguanosine can be oxidized by the hydrogen peroxide produced by the Lysine demethylase 1, LSD1, activity and this in turn determines the recruitment of OGG1 ([@B8]). Therefore, the ability of 8-oxodG to activate transcription suggests that this oxidatively-modified base may function as a regulatory or epigenetic marker in gene expression processes ([@B13]).

However, there is a lack of information concerning how cells maintain their steady-state levels of oxidatively-damaged DNA. This knowledge is fundamental for understanding how cells respond to oxidative damage and repair their oxidatively-damaged DNA regions. Several strategies to map endogenous 8-oxodGs have been recently reported by different laboratories ([@B19]): (i) Burrow\'s laboratory developed OG-Seq, which uses chemistry to label 8-oxodG with biotin for affinity purification, to identify the 8-oxodG sites in the mouse genome ([@B19]); (ii) Wu *et al.* used Click-code-seq, which incorporates an alkylated nucleotide at the oxidation sites following excision of oxidative damage via click chemistry, to map 8-oxodG in the *Saccharomyces cerevisiae* genome ([@B20]); (iii) Poetsch *et al.* developed AP-seq, which uses an aldehyde reactive probe (ARP) to label apurinic-sites and 8-oxodG with biotin for affinity, for genome-wide mapping of apurinic sites and 8-oxodGs ([@B21]); (iv) Boldogh\'s laboratory performed chromatin immunoprecipitation-coupled sequencing (ChIP-seq) to analyze the stimulus-induced binding of OGG1, a dedicated reader of 8-oxodG within chromatinized DNA ([@B22]); (v) Fang and Zou described the enTRAP-seq protocol, that, by taking advantage of the DNA-trapping ability of a peculiar OGG1 mutant, is able to identify guanosine oxidation in mouse embryonic fibroblasts ([@B23]); vi) we recently developed OxiDIP-seq to isolate oxidized DNA fragments in mammalian cells using an 8-oxodG-selective antibody ([@B24]). All these strategies, along with their unique benefits and pitfalls, have been recently reviewed in ([@B25]).

Collectively, these studies demonstrate that 8-oxodG residues are not uniformly distributed across the genome, suggesting the existence of genomic regions where the formation of oxidatively-damaged DNA is more frequent and/or its repair is less efficient.

Here, we report the characterization of a subset of human promoters accumulating endogenous 8-oxodG in human epithelial cells. We found that oxidatively-damaged promoters show characteristic features of genomic instability (such as CG skewness, G4 structures, R-loops, bidirectional promoters) and that the accumulation of 8-oxodG correlates with RNAPII occupancy and nascent transcription. Oxidatively-damaged promoters tend to accumulate both single and double strand breaks (SSBs and DSBs), as revealed by the co-occurrence of PARP1 and γH2AX, respectively. Oxidized promoters are characterized by recruitment of XRCC4, a marker of the NHEJ pathway, and are associated with translocation breakpoints in breast cancer. Notably, the majority of oxidized promoters showed reduced levels of the oxidatively modified nucleobase upon growth arrest, suggesting the existence of both DNA replication-dependent and -independent events that are responsible for the 8-oxodG formation at gene promoters.

MATERIALS AND METHODS {#SEC2}
=====================

Cell culture and treatments {#SEC2-1}
---------------------------

MCF10A cells were cultured in 1:1 mixture DMEM-F12 supplemented with 5% horse serum, 10 μg/ml insulin, 0.5 μg/ml hydrocortisone, 20 ng/ml epidermal growth factor, 100 ng/ml cholera enterotoxin and incubated at 37°C in a humidified atmosphere with 5% CO~2~ ([@B33]). MCF10A-AsiSI cells were arrested in G0 by growth for 2 days in minimal medium containing 1:1 mixture DMEM-F12 supplemented with 5% horse serum ([@B26]).

Flow cytometry analysis and 8-oxodG genomic quantification {#SEC2-2}
----------------------------------------------------------

DNA profiles were analyzed as follows: cells were fixed in 70% ethanol at −20°C, then stained in hypotonic solution of PBS, 50 μg/ml propidium iodide, 50 μg/ml and 0.00125% Nonident-P40 for 30 min at room temperature. For Ki67 quantification cells were, after fixing, permeabilized with 0.1% Triton X-100/PBS and blocked in 5% bovine serum albumin/PBS. Cells were incubated with the primary antibody anti-Ki67 and with the secondary antibody Alexa647 donkey anti-goat (Invitrogen) before propidium iodide staining. For 8-oxodG quantification, cells were fixed and permeabilized as indicated for Ki67, treated with 50 μg/ml RNAse incubated with anti-8-oxodG (Millipore, 1:200 diluted 5% bovine serum albumin/PBS) and the secondary antibodies Alexa488 anti-goat before propidium iodide staining. Cytofluorimetric acquisition and analysis were performed on a Becton Dickinson FACScalibur flow cytometer using FACSDiva and Cyflogic for analysis.

OxiDIP assays in G0 MCF10A cells {#SEC2-3}
--------------------------------

The 8-oxodG-enriched genomic fragments from G0 arrested MCF10A cells were obtained as previously described ([@B24]). Briefly, genomic DNA was extracted by using Dneasy Blood&Tissue kit (Cat. no. 69504, Qiagen). 10 μg of genomic DNA per immuno-precipitation were sonicated in 100 μl TE buffer (100 mM Tris--HCl pH 8.0, 0.5 M EDTA pH 8.0) using Bioruptor. 4 μg of fragmented DNA were denatured and immuno-precipitated overnight at 4°C with 4 μl of polyclonal antibodies against 8-oxodG (AB5830 Millipore) in a final volume of 500 μl IP buffer (110 mM NaH~2~PO~4~, 110 mM NaH~2~PO~4~ pH 7.4, 0.15 M NaCl, 0.05% Triton X-100, 100 mM Tris--HCl pH 8.0, 0.5 M EDTA pH 8.0). Then, 50 μl Dynabeads Protein G (Cat. No. 10003D, ThermoFisher Scientific, previously saturated with 0.5% bovine serum albumin diluted in PBS) was added for 3 h at 4°C, under constant rotation, and washed three times with 1 ml washing buffer (110 mM NaH~2~PO~4~, 110 mM Na~2~HPO~4~ pH 7.4, 0.15 M NaCl, 0.05% Triton X- 100). The immune-complexes were then disrupted by incubation in 200 μl lysis buffer (50 mM Tris--HCl pH 8, 10 mM EDTA pH 8, 1% SDS, 0.5 mg/ml Proteinase K) for 4 h at 37°C, and 1 h at 52°C following addition of 100 μl lysis buffer. MinElute PCR purification kit immuno-precipitated was used to purify the ssDNA (Cat. No. 28004, Qiagen) in a final volume of 72 μl EB buffer (provided in the kit). All the steps of OxiDIP-seq protocol, including the washes of the immunocomplexes, were carried out in low-light conditions, and 50 μM *N*- *tert*-butyl-α-phenylnitrone (stock solution: 28 mM in H~2~O; B7263, Sigma) was added to each Dneasy Blood&Tissue buffer, IP and washing buffers, to preserve the oxidized DNA. The recovered ssDNA was converted to dsDNA using Random Primers DNA Labeling System (Cat. No. 18187-013, ThermoFisher Scientific).

Preparation of OxiDIP sequencing libraries {#SEC2-4}
------------------------------------------

Library preparation was performed as described in ([@B24]) using 2 ng of DIP or Input DNA. Prior to sequencing, libraries were quantified using Qubit dsDNA HS Assay Kit (Invitrogen) and quality-controlled using Agilent Bioanalyzer. 50 bp single-end sequencing was performed using Illumina HiSeq 2000 platform according to standard operating procedures.

Read processing and identification of 8-oxodG-enriched regions in G0 MCF10A cells {#SEC2-5}
---------------------------------------------------------------------------------

Reads were quality checked and filtered with NGS-QC Toolkit ([@B27]). Alignments were performed with BWA ([@B28]) to hg18 reference genome using default parameters. SAMtools ([@B29]) and Bedtools ([@B30]) were used for filtering and format conversion steps. The identification of peaks from uniquely mapped reads, after removal of PCR duplicates, was performed using MACS ([@B31]) (*P* \< 1e--5 and fold enrichment \> 7) and DNA Input was used as control. UCSC genome browser was employed for data visualization. Uniquely mapped reads of the 8-oxodG signal were normalized over genomic input (log~2~ 8-oxodG/Input ratio) using the bamCompare tool from Deeptools suite ([@B32]), with SES method ([@B33]) as scaling factor. This should account for GC content sequencing bias, which would affect the pull-down samples and the inputs alike, as well as for the bias linked to different amounts of DNA. Metagene analysis and heatmaps were generated using the computeMatrix and plotHeatmap tools from Deeptools suite with default parameters. Signal profile plots were derived using R starting from the matrices generated by the computeMatrix tool.

ChIP-seq, ATAC-seq and DRIP-seq analysis {#SEC2-6}
----------------------------------------

OGG1 ChIP-seq data was downloaded from GEO (GSE89017); ChIP-seq of PARP1, Pol II-S5P, Pol II-S2P, TOPIIB, γH2AX, NBS1, XRCC4 and RAD51 were downloaded from GEO (GSE93040); ChIP-seq of H3K4me3, H3K4me1, H3K9ac, H3K27ac were from GEO (GSE85158). ChIP-seq reads were quality checked and filtered with NGS-QC-Toolkit. Alignments to hg18 reference genome were performed with BWA using default parameters. SAMtools and Bedtools were used to perform filtering steps and format conversions. Uniquely mapped reads of each signal were normalized over genomic input (log~2~ ChIP/Input ratio) using the bamCompare tool from Deeptools suite ([@B32]), using SES method ([@B33]) as scaling factor as described above.

Metagene analysis and heatmaps were generated using computeMatrix and plotHeatmap tools from Deeptools suite with default parameters, signal profile plots were derived using custom script in R starting from the matrices generated by the computeMatrix tool.

Preprocessed and normalized data for ATAC-seq and DRIP-seq were publicly available from GEO (GSE89013 and GSE45530, respectively; [Supplementary Table S5](#sup1){ref-type="supplementary-material"}). Genomic coordinates were converted to hg18 reference coordinates using UCSC liftover tool. Metagene analysis was performed using computeMatrix tool from the Deeptools suite with default parameters, while plots were generated using custom script in R starting from the data matrix produced by computeMatrix tool.

GRO-seq analysis {#SEC2-7}
----------------

GRO-seq data was obtained from Array-Express (E-MTAB-742). FASTQ files were aligned to hg18 reference genome using Bowtie ([@B34]) with default parameters and allowing a maximum of two mismatches for the identification of uniquely mapping regions. GRO-seq read quantifications were performed using HTSeq ([@B35]) and transcription levels of the human genes were converted into transcripts per million (TPM) of mapped reads. Bidirectional transcription at TSSs was determined analyzing the GRO-seq signal with the computeMatrix tool from the Deeptools suite with default parameters and *R* was used for plots generation.

RNA-seq analysis {#SEC2-8}
----------------

Publicly available RNA-seq data for three quiescent (G0) MCF10A cells (SRR2061414, SRR2061415, SRR2061416) and for two growing MCF10A cells (SRR5136806, SRR5136807) were downloaded from (NCBI-SRA) using SRA toolkit ([@B36]) and aligned against hg19 genome reference using STAR aligner ([@B37]) with default parameters. For each aligned profile, read counting was performed by mapping aligned reads over hg19 exons and summarizing counts at the gene level using the SummarizeOverlaps function from GenomicAlignments R package. Genes having \<1 mapped read (2767) among all samples were discarded from successive analyses. Differential expression analysis between quiescent and growing cells was performed with DESeq function from DESeq2 R package ([@B38]), followed by FDR correction for multiple testing. We considered a gene as significantly differentially expressed (DE gene) between G0 and growing cells if the corrected *P*-value was \<0.05 and the absolute log fold change was \>1.

BLISS analysis {#SEC2-9}
--------------

Data for BLISS (Breaks Labeling In Situ and Sequencing) analyses was obtained from ([@B39]) with SRA codes SRA136789 and SRA136790. Illumina single end fastq files were downloaded using SRA toolkit. The variable part of the Unique Molecular Identifiers (UMIs) sequences, constituted by the first eight bases of each sequenced read, was extracted from the reads and annotated on the fastq headers using Umi_tools ([@B40]) extract command from the UMI-tools suite. Reads were then quality trimmed using Trimmomatic ([@B41]) and the fixed part of the UMI identifier (CATCACGC) was removed using Cutadapt with a 20% error tolerance. Reads were then aligned to hg18 reference genome using BWA-aln with default options. Finally, Umi_tools dedup command was used to remove true PCR duplicates from aligned files. The BLISS signal was then summarized using 100 bp bins for each promoter and the promoter-level signal was defined as the maximum BLISS value computed overall the bins of each promoter by using the computeMatrix tool from Deeptools suite and custom R scripts. Since the BLISS signal is particularly skewed toward extremely high values in sub-centromeric regions, compared to its genomic distribution, we removed sub-centromeric promoters in successive analyses of this particular signal.

Reference, damaged and control gene/promoter datasets {#SEC2-10}
-----------------------------------------------------

The 21074 human genes used in this study were obtained from the hg18 Refseq genes catalogue removing all of the transcripts having the same genomic coordinates ('chromosome', 'start' and 'end') and keeping those showing alternative TSSs. Genes \<2.5 kb in length were also removed. The promoter regions were then defined as the 1 kb regions flanking the TSSs of the above selected (21 074) human genes. Bedtools suite was used to intersect the identified 8-oxodG high-confidence peaks ([@B24]) with the above described promoters. The genes containing at least one 8-oxodG high-confidence peak in their promoter region were defined as 8-oxodG-positive (oxidized) promoters in growing cells. Control genes were defined as genes with negligible levels of 8-oxodG at promoter regions in growing cells. In particular, the 8-oxodG signal was binned over the considered human promoters using a 100 bp bin size. Then, the promoter level of 8-oxodG signal was defined as the maximum 8-oxodG value computed overall the bins of each promoter by using the computeMatrix tool from Deeptools suite with default parameters and custom R scripts. Finally, the subset of control genes was defined as the genes where the value of 8-oxodG promoter signal over the Input DNA was lower than 1-fold, corresponding to the bottom 15% of the overall 8-oxodG promoter signal distribution.

Comparison of oxidized promoters identified in G0 and growing cells {#SEC2-11}
-------------------------------------------------------------------

Starting from the set of peaks identified from cells in the G0 condition we defined a set of (*n* = 811) G0 promoters by following the same procedure as for the growing cells (see previous paragraph).

We defined the class of growing-specific promoters as the promoters marked as oxidized in growing cell condition only and the set of G0-specific promoters as the promoters marked as oxidized in G0 condition only. Common oxidized promoters were defined as the intersection between G0 oxidized promoters and growing oxidized promoters. We analyzed the presence of DE genes between growing and G0 condition in these two classes by counting how many genes from the class of common oxidized promoters and the class of growing-specific promoters were also marked as differentially expressed between growing and G0 cells (∼11% and ∼9% respectively).

GC content, CG skew and G4 analysis/enrichment at the promoter regions {#SEC2-12}
----------------------------------------------------------------------

For the quantification of GC content, the hg18.gc5Base track was retrieved from UCSC and the average GC content was assessed at oxidized and control promoters using the computeMatrix tool from the Deeptools suite with default parameters.

To investigate the relationship between GC content and 8-oxodG levels, oxidized promoters were analyzed at two resolution levels by first dividing the corresponding regions in bins of 50 bp (Figure [2C](#F2){ref-type="fig"}) or 10 bp (Figure [2D](#F2){ref-type="fig"}) and then calculating the average GC content per bin using the computeMatrix tool from the Deeptools suite with default parameters.

Bedtools was used to determine the overlap between the data sets of i) previously identified human positive CG skew promoters ([@B42]), ii) G4-containing regions ([@B43]) and iii) oxidized or control promoters. Statistical enrichment was determined by using Fisher\'s exact test.

Fusion breakpoints association analysis {#SEC2-13}
---------------------------------------

We referred to 2822 fusion transcripts identified in patients with breast cancer containing 5147 unique fusion breakpoints ([@B44]). Translocation breakpoints have been previously reported ([@B39]) to prevalently map within introns, hence we tested the association between the oxidized promoter (±2.5 kb from the TSS) introns and the introns-containing breakpoints. The genomic position of hg18 introns was downloaded from the UCSC Genome Browser database. Bedtools suite was used to measure the overlap between datasets and Fisher\'s exact test was used to test the enrichment of fusion breakpoints in oxidized and control promoters. We considered the set PI of (*n* = 35 202) unambiguous (5′-3′ splicing site, SS) UCSC hg18 promoter introns. We then defined the set of breakpoints plus (PI B+) introns as those introns from PI containing at least one fusion breakpoint in the 3bp region flanking their 3′ or 5′ splicing site and the set of breakpoints minus (PI B−) introns as their complement to PI. To test the enrichment for breakpoints events among the introns localized in oxidized promoters, we defined the oxidation plus (PI O+) introns as the subset of introns from PI containing at least one 8-oxodG peak and oxidation minus introns (PI O−) as their complement to PI. The enrichment of PI B+ introns for PI O+ was tested using Fisher\'s exact test.

To test the relative enrichment for breakpoints events between introns localized in oxidized promoter and introns localized in control promoters, we defined the OxiProm introns as the subset of introns from PI located in an oxidized promoter and ContrProm introns as the subset of introns from PI located in at least one control promoter. We then counted the number of introns marked as PI B+ (PI B−) in the OxiProm and ContrProm set respectively and tested their relative enrichment using Fisher\'s Exact test.

Promoter classification based on transcription direction {#SEC2-14}
--------------------------------------------------------

Promoters were classified in Convergent and Divergent promoters as follows.

Let Pa and Pb be the genomic coordinates of a pair of TSSs, str(Pa) and str(Pb) respectively be the strand (plus or minus) were Pa and Pb lay, then the couple of promoters (Pa, Pb) was defined as:

-   Convergent promoters, if str(Pa) = minus and str(Pb) = plus and Pa − Pb \> 0 or if str(Pa) = plus and str(Pb) = minus and Pa − Pb \< 0;

-   Divergent promoters, if str(Pa) = minus and str(Pb) = plus and Pa − Pb \< 0 or if str(Pa) = plus and str(Pb) = minus and Pa − Pb \> 0.

Bedtools was used to determine the overlap between each promoter class and statistical enrichment was determined with Fisher\'s exact test.

Statistical analysis {#SEC2-15}
--------------------

Linear correlations between Pol II-S5P/Pol II-S2P/OGG1 signal, transcription levels, and 8-oxodG signals, as well as between biological replicates of Input and OxiDIP-seq experiments, were tested by means of Pearson\'s correlation test on the gene loci of the oxidized promoters using multiBamSummary and plotCorrelation tools from the Deeptools suite with default parameters. Heatmaps were generated with R. Statistical significance of the observed differences in transcription levels and gene lengths between the gene clusters were evaluated by means of two tailed t-test with heteroskedasticity assumption. Fisher\'s exact test was used to test the statistical significance of the distribution of each promoter class among the identified gene clusters. Mean value and standard deviation of each genomic signal at the promoter/gene loci was calculated with computeMatrix tool from Deeptools suite, with default parameters, while the standard error was calculated in R. This study was conducted using 0.05 as the significance threshold; all statistical analyses were performed with R version 3.5.

RESULTS {#SEC3}
=======

8-oxodG, OGG1 and PARP1 co-localize at the promoter regions of human genes {#SEC3-1}
--------------------------------------------------------------------------

We recently reported the genome-wide distribution of 8-oxodG in human non-tumorigenic epithelial breast cells (MFC10A) using OxiDIP-seq, a highly sensitive methodology that combines immunoprecipitation, by efficient anti--8-oxodG antibodies, with high-throughput sequencing and found 8-oxodG enrichment within RNAPII promoter regions ([@B24]).

In order to identify 8-oxodG-positive promoters, we intersected the dataset of 8-oxodG high-confidence peaks (52 298) with promoter regions of RefSeq human genes (*n* = 21 074) and identified 1456 promoters (hereafter called 'oxidized promoters'; [Supplementary Table S1](#sup1){ref-type="supplementary-material"}) containing a total of 1459 8-oxodG peaks. Analysis of both raw and normalized 8-oxodG signals over the corresponding gene loci (*n* = 1456), namely from 5 kb upstream of the Transcription Start Site (TSS) to 5 kb downstream of the transcription end site (TES), confirmed the enrichment of 8-oxodG within the promoter region ([Supplementary Figure S1A, S1B](#sup1){ref-type="supplementary-material"} and Figure [1A](#F1){ref-type="fig"}, respectively) and showed 8-oxodG enrichment also within the gene body. This finding is consistent with our previous observations reporting one-third of oxidized promoters (*n* = 449/1456) to be associated with oxidatively-damaged gene bodies ([@B24]). Similar analyses performed in the ±5 kb region flanking the TSS and the ±5 kb region flanking the TES of the same genes (*n* = 1456) showed a promoter-specific bimodal distribution of 8-oxodG peaking at about +600 and −600 bp from the TSS (Figure [1B](#F1){ref-type="fig"}).

![(**A**) Distribution of mean 8-oxodG signal profile normalized over the input DNA at gene loci (−5 kb from the transcription start site, TSS, to +5 kb from transcription end site, TES) within oxidized promoters identified in MCF10A cells. The 95% confidence interval (2 standard error) of the mean is indicated by the light blue shaded area. The arrow indicates the direction of transcription. (**B**) Mean-density profile (top) and heatmap (bottom) of the normalized 8-oxodG signal ±5 kb from TSS (left) or ±5 kb from TES (right) of genes with oxidized promoters. Transcribed region and direction of transcription (arrow), as indicated. (**C, D** and **E, F**) Same as in (A) for OGG1 (C, D) and PARP1 (E,F) signal.](gkaa175fig1){#F1}

We then investigated the presence of OGG1 at oxidized promoters, using a publicly available ChIP-seq dataset ([@B22]). First, we measured the OGG1 signal at the MCF10A 8-oxodG peaks (*n* = 52 298) and their respective flanking regions, and found: (i) highly correlating OGG1 and 8-oxodG levels (Pearson correlation test, *r* = 0.80, *P* = 2.2e−16, [Supplementary Figure S1C](#sup1){ref-type="supplementary-material"}) and (ii) OGG1 enrichment at 8-oxodG peaks ([Supplementary Figure S1C](#sup1){ref-type="supplementary-material"}). Consistently, analysis of OGG1 signal over the genes marked by oxidized promoters (*n* = 1456) showed a promoter-specific OGG1 peak that is slightly shifted downstream of the TSS (Figure [1C](#F1){ref-type="fig"}, [D](#F1){ref-type="fig"} and [Supplementary Figure S1D](#sup1){ref-type="supplementary-material"}).

Since previous studies showed that PARP1 protein is: (i) a negative modulator of BER pathway when inhibited ([@B45]); (ii) a molecular nick-sensor in the repair induced by oxidatively-generated DNA damage ([@B46],[@B47]) and (iii) a general DSB sensor ([@B48]), we analyzed the distribution of PARP1 signal ([@B39]) over the genes with oxidized promoters (*n* = 1456) and found a clear peak at their TSS (Figure [1E](#F1){ref-type="fig"}, [F](#F1){ref-type="fig"}). In addition, OGG1 and PARP1 signals showed high correlation (Pearson correlation test, *r* = 0.85, [Supplementary Figure S1E](#sup1){ref-type="supplementary-material"}). Finally, we compared oxidized promoters with those showing negligible 8-oxodG levels (Controls; n = 410; [Supplementary Figure S2A and B](#sup1){ref-type="supplementary-material"}) and found co-presence of OGG1 and PARP1 only in the oxidized set.

All together, these data show that 8-oxodG accumulation at gene promoters is associated with OGG1 and PARP1 recruitment.

Relationship between GC content and 8-oxodG deposition at promoter regions {#SEC3-2}
--------------------------------------------------------------------------

In order to investigate the role of GC content on 8-oxodG accumulation at gene promoters, we first measured the GC composition of both oxidized and control promoters (Figure [2A](#F2){ref-type="fig"}) and observed a marginal reduction of GC content in control promoters when compared with oxidized ones (44% versus 48%, median value). Then, we selected two subsets of oxidized and control promoters showing the same GC content (52--57%, indicated by dashed rectangle in Figure [2A](#F2){ref-type="fig"}) and analyzed the 8-oxodG, OGG1 and PARP1 signals. As shown in Figure [2B](#F2){ref-type="fig"}, [a](#F2){ref-type="fig"} specific enrichment of all the analyzed signals was found only for oxidized promoters.

![(**A**) Box plot showing the GC content (%) distribution measured at oxidized (blue) and control (red) promoters (Bonferroni adjusted pairwise t-test; \*\*\**P* = 2.2e−16). The dashed rectangle indicates the selected region of the box plots where the oxidized and control promoters have comparable GC content (52--57%); (**B**) Box plot showing the distribution of the normalized signal of 8-oxodG, OGG1 and PARP1 measured at oxidized (blue) and control (red) promoters with comparable GC content (52--57%) as indicated (Bonferroni adjusted pairwise *t*-test; \*\*\**P* \< 2.2e--16). (**C**) Plot showing dependencies between 8-oxodG and GC content at oxidized promoters with a 50 bp resolution; (**D**) mean-density profile of the normalized 8-oxodG signal and average GC content (color code, as indicated) ±5 kb from TSS of genes with oxidized promoters.](gkaa175fig2){#F2}

Concomitant analysis of GC content and 8-oxodG signal at the oxidized promoter regions (divided in 50 bp window size, Figure [2C](#F2){ref-type="fig"}) showed that 8-oxodG levels increase as the GC content arises from 50 to 56% and then sharply drop down when GC content arises to 65%. Furthermore, a higher resolution (10 bp windows size) analysis of GC content and 8-oxodG signal at the oxidized promoters (Figure [2D](#F2){ref-type="fig"} and [Supplementary Figure S3](#sup1){ref-type="supplementary-material"}) revealed very different profiles at the TSS: while the GC content reached the highest levels (65%) in the promoter region, the 8-oxodG enrichment dropped down, thus generating two peaks, with the peak downstream of the TSS showing the strongest signal.

Thus, it appears that GC content is not the sole determinant of 8-oxodG distribution at gene promoters, suggesting the existence of epigenetic mechanisms involved in the 8-oxodG accumulation in the TSS region.

8-oxodG-positive promoters show genetic features typically associated with genome instability {#SEC3-3}
---------------------------------------------------------------------------------------------

To investigate on the genetic features associated with oxidized promoters, we analyzed the occurrence of G quadruplexes (G4) and GC skew in oxidized and control promoters.

We found that, when compared to controls, oxidized promoters were enriched both in G4 structures (76% versus 96%; *P* \< 2.2e−16) and in skewed CpG island (CGI) promoters (18% versus 40%; *P* \< 2.2e−16) (Figure [3](#F3){ref-type="fig"}).

![Bar plot reporting the percentage of oxidized and control promoters containing G4 structures, GC skew, convergent or divergent closely spaced (\<2.5 kb) TSSs, as indicated (\*\*\* *P* \< 2.2e−07, \* *P* = 0.04, Fisher\'s exact test).](gkaa175fig3){#F3}

Additionally, oxidized promoters were enriched in bidirectional promoters, either convergently or divergently oriented (*P* = 2.2e−7 and *P* = 4.0e−2, respectively; Figure [3](#F3){ref-type="fig"}), that were previously associated with transcription-related frailty ([@B39],[@B49]).

In conclusion, oxidized promoters show genetic features predisposing to genomic instability ([@B39],[@B42],[@B43],[@B47],[@B48],[@B55]).

8-oxodG-positive promoters are associated with R-loops and bidirectional transcription {#SEC3-4}
--------------------------------------------------------------------------------------

We next asked whether 8-oxodG accumulation is associated with transcriptional activity. In particular, we compared the 8-oxodG signals to either the ChIP-seq signals of Ser5- and Ser2-phosphorylated isoforms of RNA Polymerase II (Pol II-S5P and Pol II-S2P), or gene transcription measured by global run-on sequencing GRO-seq. 8-oxodG levels showed high-to-moderate correlation with Pol II-S5P and S2P (*r* = 0.9) and transcription levels (*r* = 0.3) (Figure [4A](#F4){ref-type="fig"}). Moreover, oxidized promoters were found to be associated with open chromatin markers (H3K4me3, H3K27ac and H3K4ac; Figure [4B](#F4){ref-type="fig"}), as previously described in ([@B21]). Consistently, oxidized promoters showed higher chromatin accessibility, as determined by the analysis of ATAC-seq data ([@B59]) (Figure [4C](#F4){ref-type="fig"}), and higher levels of Pol II-S5P and S2P (Figure [4B](#F4){ref-type="fig"} and [Supplementary Figure S4](#sup1){ref-type="supplementary-material"}) than the control promoters. Moreover, genes associated with oxidized promoters, which are longer than control genes (average length of ∼54.2 kb and ∼27.8 kb, respectively; *P* = 1.0e−09; Figure [4D](#F4){ref-type="fig"}), showed higher transcription levels than control ones (median transcription levels of 3.6 and 0.1 logTPM, respectively, *P* \< 2.2e−16; Figure [4E](#F4){ref-type="fig"}).

![(**A**) Correlation plot reporting Pearson correlation coefficients between transcription (GRO-seq data), 8-oxodG (Oxi-DIP-seq signal), Pol II-S5P and Pol II-S2P (ChIP-seq signals) at genes with oxidized promoters. (**B**) Heatmap reporting levels of H3K4me3, H3K27ac, H3K9ac, H3K4me1, Pol II-S5P and Pol II-S2P (log~2~ signal/Input DNA) at the oxidized and control promoters. (**C**) Mean-density profile of normalized ATAC-seq signal ±5 kb from the TSS of oxidized (blue) and control (red) promoters. The 95% confidence interval (2 standard error) of the mean is indicated by the light blue and light red shaded areas. The arrow indicates the direction of transcription. (**D**) Box plot showing the distribution of the lengths (bp) of genes with oxidized and control promoters respectively (Bonferroni adjusted pairwise *t*-test; \*\*\**P* = 1.0e−9). (**E**) Box plot showing the transcription levels (GRO-seq; logTPM) distribution of genes with oxidized and control promoters (Bonferroni adjusted pairwise *t*-test; \*\*\**P* \< 2.2e--16).](gkaa175fig4){#F4}

Since transient nicks generated by 8-oxodG removal have been proposed to serve as entry points for Topoisomerase IIB (TOPIIB), that in turn favors the accommodation of the transcription initiation complex ([@B8]), we measured TOPIIB levels at oxidized and control promoters, and found that TOPIIB accumulates specifically at the TSS of the formers (Figure [5A](#F5){ref-type="fig"} and [Supplementary Figure S4](#sup1){ref-type="supplementary-material"}).

![(**A**) Mean-density profile of normalized TOPIIB signals ±5 kb from the TSS of oxidized (blue) and control (red) promoters. The 95% confidence interval (2 standard error) of the mean is indicated by the light blue and light red shaded areas. The arrow indicates the direction of transcription. (**B**) Mean-density profile of DRIP-seq signal ±5 kb from the TSS of oxidized (blue) and control (red) promoters. The 95% confidence interval (2 standard error) of the mean is indicated by the light blue and light red shaded areas. The arrow indicates the direction of transcription. (**C**) GRO-seq read density ±2.5 kb from the TSS of both sense (red) and antisense (blue) transcripts, within oxidized (dark red and dark blue) and control (light red and light blue) promoters.](gkaa175fig5){#F5}

Transcription from skewed CGI promoters leads to the formation of stable RNA:DNA hybrid structures typically found at R-loops ([@B60]). To investigate the occurrence of RNA:DNA hybrids at oxidized promoters, we analyzed publicly available DRIP-seq signal ([@B42]). Oxidized promoters showed higher frequency of endogenous RNA:DNA hybrids than controls (Figure [5B](#F5){ref-type="fig"}). Notably, peaks of RNA:DNA hybrids, co-localizing with the 8-oxodG peaks at these promoters (compare Figures [1](#F1){ref-type="fig"} and [4B](#F4){ref-type="fig"}), were visible both upstream and downstream of the TSS, thus suggesting the presence of bidirectional transcription, which was confirmed by analysis of GRO-seq data (Figure [5C](#F5){ref-type="fig"}).

In conclusion, both genetic and epigenetic data show that oxidized promoters are characterized by features typically associated with genomic instability.

DSB formation and DDR activation co-occur at 8-oxodG-enriched promoters {#SEC3-5}
-----------------------------------------------------------------------

We previously demonstrated that oxidation of guanines in MCF10A cells strongly correlates with H2AX phosphorylation, a marker of DNA Damage Response (DDR) activation, within the gene body of long transcribed genes ([@B24]). Since closely opposed oxidative lesions produce clustered SSBs in both DNA strands, thus leading to DSB formation ([@B55],[@B61]), we asked if endogenous DSBs and markers of activated DDR accumulate at oxidized promoters. In particular, we measured the levels of γH2AX and NBS1 (as markers of DDR activation) and of BLISS signal (as a marker of DSB occurrence) ([@B39]). Strikingly, oxidized promoters showed higher BLISS signal than the controls specifically in the region downstream of the TSS (Figure [6A](#F6){ref-type="fig"}). Consistently, oxidized promoters showed higher γH2AX (Figure [6B](#F6){ref-type="fig"} and [Supplementary Figure S4](#sup1){ref-type="supplementary-material"}) and NBS1 (Figure [6C](#F6){ref-type="fig"}) signals than controls, thus suggesting that accumulation of 8-oxodG at these promoters is associated with DSB formation and DDR activation.

![Mean-density profile of (**A**) BLISS, (**B**) γH2AX, (**C**) NBS1, (**D**) XRCC4 (left) and RAD51 (right) signals ±5 kb from the TSS of oxidized (blue) and control (red) promoters. The 95% confidence interval (2 standard error) of the mean is indicated by the light blue and light red shaded areas. The arrow indicates the direction of transcription.](gkaa175fig6){#F6}

DDR activation allows the recruitment of DSB-repair proteins such as RAD51 (involved in homologous recombination) or XRCC4 (non-homologous end-joining, NHEJ) ([@B64],[@B65]). Thus, we analyzed MCF10A RAD51 and XRCC4 ChIP-seq signals ([@B39]) at the oxidized and control promoters. Only XRCC4 was found specifically at the oxidized promoters (Figure [6D](#F6){ref-type="fig"} and [Supplementary Figure S4](#sup1){ref-type="supplementary-material"}), thus suggesting that endogenous DSBs associated with 8-oxodG are processed by the NHEJ pathway in these regions. Since NHEJ is considered an error-prone repair pathway ([@B66]), and MCF10A promoter introns (i.e. introns with their 5′ splice site, or SS, mapping \<2.5 kb from the TSS) containing endogenous DSBs were recently shown to be enriched in translocation breakpoints identified in breast cancer patients ([@B39]), we asked whether oxidized promoters were also associated with these translocation events. For this purpose, we used a dataset containing 2822 fusion transcripts from breast cancer patients ([@B44]) and found a total 1654 breakpoint-positive promoter introns, with 549 containing at least one 8-oxodG peak (*P* \< 2.2e−16, [Supplementary Table S2](#sup1){ref-type="supplementary-material"}; Fisher\'s exact test). Consistently, oxidized promoter introns were enriched in breakpoint-positive introns compared to control promoter introns (*P* = 4.7e−10; Fisher\'s exact test).

Collectively, these data indicate that a fraction of endogenous DSBs associated with oxidized promoters might derive from clustered SSBs formed during 8-oxodG processing and be repaired by NHEJ, thus contributing to the translocation events observed in breast cancers.

Spontaneous accumulation of 8-oxodG at promoters is associated with DNA replication and/or transcription {#SEC3-6}
--------------------------------------------------------------------------------------------------------

It has been shown that the binding of Origin Recognition Complex (ORC1), as well as the firing of DNA replication origins (ORIs), mainly occurs at the TSS of transcribed genes ([@B67],[@B68]). Thus, we asked whether DNA replication, alone or in combination with transcription, contributes to the accumulation of DNA oxidation at the oxidized promoter regions. To test this hypothesis, we arrested the MCF10A cells in G1 phase (G0) by growth factors withdrawal, as confirmed by FACS analyses of both cell cycle and Ki67 proliferation markers ([Supplementary Figures S5A and B](#sup1){ref-type="supplementary-material"}). We then measured the global levels of 8-oxodG in cycling and quiescent (G0) MCF10A cells and found that the latter were characterized by a 2-fold reduction of 8-oxodG levels compared to growing cells ([Supplementary Figure S5C](#sup1){ref-type="supplementary-material"}).

As a next step, we performed OxiDIP-seq in quiescent (G0) MCF10A, using two biological replicates (Pearson correlation test, *r* = 0.98; [Supplementary Figure S6A](#sup1){ref-type="supplementary-material"}), and identified 23,641 8-oxodG high-confidence peaks ([Supplementary Table S3](#sup1){ref-type="supplementary-material"}).

To identify oxidized promoters in quiescent (G0) cells, we intersected the dataset of G0 8-oxodG high-confidence peaks (n = 23,641) with the promoter regions of human RefSeq genes and obtained 811 oxidized promoters ([Supplementary Table S4](#sup1){ref-type="supplementary-material"}) containing 832 high-confidence 8-oxodG peaks. Analysis of both raw and normalized 8-oxodG signals over gene loci confirmed the presence of DNA oxidation specifically within the promoter regions ([Supplementary Figure S6B](#sup1){ref-type="supplementary-material"} and Figure [7A](#F7){ref-type="fig"}, respectively). Furthermore, 8-oxodG signal at promoters showed the same TSS-centered bimodal distribution observed in cycling MCF10A cells (Figure [7B](#F7){ref-type="fig"}), with only a slight reduction of 8-oxodG signal. Interestingly, while 676 promoters showed persistent 8-oxodG signal upon growth factors withdrawal (i.e. oxidized promoters 'common' to growing and quiescent cells), the majority of the oxidized promoters identified at steady-state in the growing cells were lost in the G0 cells (54%; *n* = 780/1456; 'growing-specific' oxidized promoters), as confirmed by the strong 8-oxodG signal drop specifically observed at these sites upon growth arrest (Figure [7C](#F7){ref-type="fig"}).

![(**A**) Distribution of mean 8-oxodG signal profile normalized to the input DNA at gene loci (−5 kb from the transcription start site, TSS, to +5 kb from transcription end site, TES) with oxidized promoters identified in quiescent (G0) MCF10A cells. The 95% confidence interval (2 standard error) of the mean is indicated by the light blue shaded area. The arrow indicates the direction of transcription. (**B**) Mean-density profile (top) and heatmap (bottom) of the normalized 8-oxodG signal ±5 kb from TSS (left) or ±5 kb from TES (right) of genes with oxidized promoters. Transcribed region and direction of transcription (arrow), as indicated. (**C**) Box plot showing the normalized 8-oxodG signal measured at promoter regions of the growing-specific (white) and persistently (grey) oxidized promoters in proliferating (P) and quiescent (G0) MCF10A cells (Bonferroni adjusted pairwise t-test; \*\*\**P* \< 2.2e−16) (**D**) Fraction of genes with growing-specific (red) or persistently (black) oxidized promoters showing the indicated Pol II pausing index (calculated using the Pol II-S2P ChIP-seq data) in the proliferating MCF10A cells (Kruskal−Wallis test; \*\**P* = 2.5e−2).](gkaa175fig7){#F7}

We then asked whether genes associated with the oxidized promoters show changes in expression levels upon growth arrest. For this purpose, we measured expression levels in G0 and growing MCF10A cells and found that ∼90% of genes associated with either common or growing-specific oxidized promoters, did not show statistically significant changes in expression levels (see Methods). Interestingly, steady-state 8-oxodG levels at the common promoters were higher than those observed at the growing-specific ones (Figure [7C](#F7){ref-type="fig"}; compare P of common versus P of growing-specific) and showed smaller 8-oxodG signal drop upon growth arrest (Figure [7C](#F7){ref-type="fig"}; compare P versus G0 of common with P versus G0 of growing-specific). Altogether, these data suggest that 8-oxodG accumulation at promoters showing persistent 8-oxodG signal in G0 cells is mainly associated with replication-independent transcription-associated events.

RNA:DNA hybrids can form, and/or be stabilized, when the transcriptional elongation complexes are blocked, as it occurs at physiological Pol II pause sites at promoter regions of human genes ([@B69]), or following collisions with the slowed replication machinery ([@B70]). Since RNA:DNA hybrids are enriched at oxidized promoters, we first calculated the Pol II pausing index of the genes associated with oxidized promoters at the steady state, by computing the ratio of promoter to gene body signals of Pol II-S2P. Interestingly, the Pol II pausing index measured at the genes associated with the growing-specific oxidized promoters was higher than the genes with persistent oxidatively-damaged promoters (Figure [7D](#F7){ref-type="fig"}; *P* = 2.5e−2), suggesting a contribution of paused Pol II to the 8-oxodG levels observed in this loci. We then measured the occurrence of DNA replication origins, as revealed by ORC1 binding, at the growing-specific oxidized promoters, and found that they were enriched compared to common promoters (186 versus 130, *P* = 3.5e−2). Thus, frequent transcription-replication clashes might contribute to the oxidation levels observed at the growing-specific oxidized promoters, possibly as a consequence of the increased sensitivity to DNA oxidation of the persistent ssDNA formed at these sites.

Collectively, we identified two promoter classes which accumulate 8-oxodG through either DNA replication-dependent or replication-independent transcription-associated events.

DISCUSSION {#SEC4}
==========

In this work, using the MCF10A diploid human epithelial cells, we identified human promoters containing 8-oxodG peaks, as revealed by OxiDIP-seq, in unperturbed growth conditions. Promoter 8-oxodG enrichment showed a peculiar bimodal distribution, with two sharp peaks immediately upstream and downstream of the TSS, which correlated with RNAPII occupancy and nascent transcription.

In a previous study, Ding *et al.* ([@B19]) reported increased oxidative damage at promoter regions. However, Poetsch *et al.* ([@B21]) by re-analyzing the raw data found no evidence for such an increase. Therefore, we performed a similar re-analysis and, in accordance with Poetsch *et al.* ([@B21]), we found that the OG-seq dataset does not support the hypothesis of increased oxidative DNA damage in promoters ([Supplementary Figure S7](#sup1){ref-type="supplementary-material"}). These contradicting results may be explained by the different experimental systems and methodologies as recently discussed in ([@B25]).

We found a multi-layered relationship between 8-oxodG accumulation and GC content at gene promoters. The comparison analysis of the GC content between oxidized and control promoter showed very little differences, suggesting that the GC content could have only a marginal role in the different accumulation of 8-oxodG between these two promoter classes. However, a higher resolution analysis showed a rather complex association. Indeed, the 8-oxodG levels were strongly decreased within promoter regions with high GC content while promoter regions with similar GC content showed different 8-oxodG levels, thus suggesting a significant contribution of epigenetic mechanisms in the accumulation of oxidatively-modified nucleobases. Indeed, oxidatively-damaged promoters show an excess of G residues downstream of the TSS, on the non-template transcription strand ([@B42],[@B57],[@B58]). Such regions, when transcribed, are able to form peculiar secondary structures such as RNA:DNA hybrids as a consequence of the stable pairing between the G-rich nascent RNA and the C-rich template behind the progressing RNA Polymerase ([@B71],[@B72]) and/or the paused RNAPII ([@B57]). The presence of stable RNA:DNA hybrids at oxidized promoters might lead to prolonged exposure of the G-rich unpaired strand to endogenous reactive oxygen species. In addition, the unpaired DNA strand can form G-quadruplexes ([@B73],[@B74]), as shown by enrichment in G4 structures at oxidized promoters. Notably, CG skew, G4 and RNA:DNA hybrids have been shown to promote DNA damage and translocations as well as to hamper the transcription of specific genes ([@B72],[@B75]).

Oxidatively-damaged promoters, which show bidirectional transcription (with the closest TSS within 2.5 kb, either upstream or downstream) and are associated with long genes, recruit TOPIIB. This is consistent with the requirement of Topoisomerases for resolution of the topological tension conferred by long transcripts or two Pol II complexes at closely spaced promoters ([@B53],[@B76],[@B77]). All these features are known to favor head-on RNAPII collision ([@B51],[@B78]) or RNAPII pausing ([@B50]) that, due to the increased sensitivity of persistent ssDNA to the accumulation of nucleobase oxidation and/or other kinds of lesion ([@B79]), may contribute to DSBs formation and consequently to chromosomal translocations ([@B49],[@B80]). Indeed, DSB formation and local genome instability at oxidized promoters may derive from the enzymatic activities of the base-excision repair (BER) pathway, as previously shown in human cells ([@B61],[@B62]) and in *Escherichia coli*, where clusters of DNA damage (characterized by closely opposed base damages that are at least three nucleotides apart and the presence 8-oxodG) inhibit the BER process ([@B81],[@B82]). Consistently, we observed recruitment of OGG1, one of the major DNA glycosylases/AP lyases involved in the BER excision activity, to the oxidatively-damaged promoters, suggesting that the cells are able to sense and repair these 8-oxodGs. Accumulation of unresolved SSB intermediates during the processing of 8-oxodGs ([@B55],[@B61]) is also consistent with the observed recruitment of the nick sensor PARP1 at oxidized promoters. Consequently, processing of clusters of 8-oxodGs on both strands by BER enzymes may convert single strand lesions into DSBs, as shown by H2AX phosphorylation observed at oxidatively-damaged promoters. Together, our data suggest that the repair, perhaps initiated and not completed, of high local levels of endogenous 8-oxodG might contribute to the formation of DSBs via accumulation of unresolved SSBs intermediates and DDR activation.

Notably, the finding of XRCC4 recruitment at the 8-oxodG-positive promoters, in the absence of detectable enrichment of RAD51, strongly argues in favor of a preferential repair of DSBs occurring at these promoters via the NHEJ pathway, consistent with the observed association between 8-oxodG-positive introns and translocation breakpoints. However, since RNAPII is known to form a multiprotein complex with NHEJ proteins ([@B83]), and co-occurrence of paused RNAPII-S5P/TOPIIB/XRCC4 is a prerequisite for the generation of chromosomal translocations, we cannot determine the relative contribution of repair intermediates in the processing of clustered 8-oxodGs to the generation of chromosome translocations observed in human cells.

Overall, our data suggest that the repair of clustered 8-oxodG lesions could be a risky approach for the cell to take, at least at specific promoter regions where multiple repair pathways (e.g. BER and NHEJ) are likely to be simultaneously operating.

Finally, mapping of 8-oxodG-enriched regions in G0-arrested cells allowed the identification of two classes of oxidatively-damaged promoters. The majority of those observed at the steady state disappeared, or showed strong 8-oxodG signal reduction, upon growth arrest (growing-specific oxidized promoters), while the remaining, which showed the highest 8-oxodG signals at the steady state, underwent milder signal reduction (persistently oxidized promoters). Interestingly, however, the expression levels of the vast majority of genes associated with both promoter classes did not show significant changes upon growth arrest and this further support an epigenetic role of the 8-oxodGs in gene expression processes ([@B13]). Thus, while transcription seems to be the main contributing factor to the 8-oxodG accumulation observed at the persistently oxidized promoters, DNA replication-associated events (alone, or in combination with transcription) are responsible for the 8-oxodG accumulation at the growing-specific oxidized promoters. Indeed, all the genetic and epigenetic features of oxidized promoters favor blockage of transcriptional elongation and/or replication complexes, which in turn lead to the formation of persistent ssDNA, which is more sensitive to oxidation than dsDNA ([@B79],[@B84],[@B85]). Consistently, we found high levels of physiological Pol II pausing and ORC1 binding in a significant fraction of the growing-specific oxidized promoters, thus suggesting increased probability of DNA replication-transcription clashes.

In conclusion, our findings provide preliminary mechanistic insight into how oxidatively-generated DNA damage at gene promoters may contribute to genome instability in proliferating and postmitotic cells.
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